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Abstract
The development of a high-density active microelectrode array for in vitro electrophysiology is reported. Based on the Active Pixel Sensor
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1(APS) concept, the array integrates 4096 gold microelectrodes (electrode separation 20m) on a surface of 2.5 mm × 2.5 mm as well a
a high-speed random addressing logic allowing the sequential selection of the measuring pixels. Following the electrical characterizatio
in a phosphate solution, the functional evaluation has been carried out by recording the spontaneous electrical activity of neonatal r
cardiomyocytes. Signals with amplitudes from 130Vp-p to 300Vp-p could be recorded from different pixels. The results demonstrate th
suitability of the APS concept for developing a new generation of high-resolution extracellular recording devices for in vitro electrophysiolog
Keywords: Microelectrode array; High-density; APS–MEA; Electrophysiology; In vitro
1. Introduction
The recordings of extracellular potentials from cultured
excitable cells using microelectrode arrays (MEAs) have
become a well-accepted technique in both fundamental re-
search and applied electrophysiology. At present, multi-site
recordings aimed at monitoring distributed patterns of elec-
trical activities of neuronal or cardiomyocyte cell cultures
are exploited in the investigation of signal propagation and
processing, learning processes and memory (DeMarse et al.,
2001; Jimbo et al., 1999; Mussa-Ivaldi and Miller, 2003;
Shahaf and Marom, 2001). Furthermore, the MEAs serve
as test-platforms for toxicological studies, drug screening
and cell-based biosensors (DeBusschere and Kovacs, 2001;
Keefer et al., 2001; Morefield et al., 2000; Offenha¨usser and
Knoll, 2001).
∗ Corresponding author. Tel.: +41 32 720 55 20; fax: +41 32 720 57 11.
E-mail address: luca.berdondini@unine.ch (L. Berdondini).
The current MEAs (Gross et al., 1982; Pine, 1980
provide typically 30–160 electrodes with inter-electrod
spacing of 100–500m. Several MEAs are already com
mercially available (Multichannel Systems; Panasonic
Ayanda-Biosystems). These arrays are fabricated mainl
by thin-film technology with Pt, Au, IrOx, ITO and TiN
microelectrodes embedded in an insulation layer of Si3N4
EPON SU-8 or polyamide. The cells are plated and culture
directly on the active area allowing the non-invasive
long-term (up to several months) monitoring and stimulatio
of the network electrophysiological activity.
Because the recorded signals originate from the cells i
close proximity to the electrodes and because of the random
distribution of the cellular networks, the number of recordin
sites, i.e., the spatial resolution, is therefore limited. Consid
ering a typical culture of 50,000 neurons and typically 5
electrodes, this represents an under-sampling of the networ
activity by a factor 1000. Although the number of electrode
could be increased on the same thin-film technological basi
there are practical limits imposed by the manageable num
ber of electrode-contact pad connections and by the rising
complexity of the external amplification circuit.
There are four approaches that are pursued in order to
increase the number of effective recording sites. The first
one consists of patterning the cell networks on MEAs by us-
ing adhesion promoters/inhibitors or guiding microstructures
(Heiduschka et al., 2001; Martinoia et al., 1999; Saneine-
jad and Shoichet, 2000; Yeung et al., 2001). The second
methodology relies on confinement of individual neurons
over each electrode, the so-called neuro-cages, built in a way
allowing the formation of networks (Maher et al., 1999).
In the third approach, a large number of closely spaced
electrodes are addressed by a methodology based on light-
addressable potentiometric sensors (LAPS) (George et al.,
2000a,b). LAPS-based MEAs integrate thousands of micro-
electrodes addressed by a laser. Thus, Bucher et al. (2001)
describe a light-addressable microelectrode chip with 3600
electrodes on a surface of 1.8 mm × 1.8 mm. Although the
number of electrodes can be dramatically increased using
LAPS, the issues of lateral resolution, speed of addressing
and possible phototoxic effects during long-term recordings
still remain to be assessed (George et al., 2000a,b).
A further concept, based on standard complementary
metal-oxide-semiconductor (CMOS) technology, seems par-
ticularly attractive for overcoming the current spatio-
temporal limitations. The CMOS design allows fabrication
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Fig. 1. The APS–MEA concept.
a gold microelectrode of 20m× 20m and an underneath
pre-amplifier. The same addressing logic circuit, previously
developed for light-sensitive APS devices, has been imple-
mented in this first-generation of APS–MEAs. The address-
ing logic is integrated on the sides of the chip and allows the
sequential addressing of all pixels or of a pre-defined sub-set
at a maximum sampling frequency of 10 MHz.
The design parameters, electrical characterizations and
multi-pixel recordings of the spontaneous activity of neonatal
rat cardiomyocyte cultures are presented.
2. Materials and methods
2.1. System design
The device was designed on Mentor Graphics (Mentor
Graphics Corporation, Wilsonville, USA), and fabricated us-
ing a standard 0.5m CMOS technology (Alcatel Microelec-
tronics, 5 metal layers technology).
The addressing logic of an existing APS system was
adapted to the 64 × 64 pixel array, and the pixel circuit was
designed for electrophysiological recordings. The same in-
pixel circuit was integrated in all the 4096 pixels, and the
microelectrodes were designed as contact pads measuring
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2f high-density structures, on-chip amplification and integra-
ion of additional electronic circuitry to be realized by a com-
ercially available process. CMOS circuits developed for in
ivo or for in vitro recording with MEAs have been reported
reviously, in particular as off-chip or on-chip amplification
ircuits (Bai and Wise, 2001; Najafi and Wise, 1986; Pan-
razio et al., 1998), for multi-parametric devices (Lehmann
t al., 2001) or for portable biosensor systems (DeBusschere
nd Kovacs, 2001). More recently, CMOS arrays featuring 4
4 metallic electrodes with a pitch of 250m and on-chip
mplification and stimulation circuits (Heer et al., 2004) as
ell as a high-density FET array with non-metallized gates
Eversmann et al., 2003) have been reported.
The aim of our work is to develop high-density metallic
icroelectrode arrays for a high spatio-temporal resolution
maging of the electrophysiological activity of electrogenic
ell cultures. To achieve this, considering the potential advan-
ages of metallic electrodes for low-noise recordings, we have
dopted a different CMOS design (Fig. 1), namely a solid-
tate active pixel sensor (APS) concept that was originally
eveloped for image sensors (Willemin et al., 2001). Real-
zed by CMOS technology, the APS allows, upon modify-
ng the pixels’ functionality, a straightforward integration of
etallic microelectrodes, on-chip and in-pixel amplification,
iming and control circuits and multi-plexers (Berdondini et
l., 2002, 2003).
Here, we report on the development of an APS-based high-
ensity MEA (APS–MEA). It consists of an array of 64× 64
ixel elements on an overall active area of 2.5 mm× 2.5 mm.
ach pixel defines a surface of 40m× 40m and comprises0m × 20m.
.2. Design of the in-pixel pre-ampliﬁer
The in-pixel pre-amplifier has to fit into the pixel dimen-
ions, and thus only circuits with low number of transistors
ere considered. We opted for a differential amplifier, the five
ransistor operational transconductance amplifier (5-OTA),
ecause of its high open-gain and stability to bias voltages
hen operated in common-mode (Fig. 2A). It amplifies both
ontinuous (DC) and alternating (AC) signals applied on the
ifferential pair, constituted of the n-MOS transistors MN1
nd MN2. The p-MOS transistors MP1 and MP2 and the
-MOS transistors MN3 and MN5 form two current mirrors.
Fig. 2. (A) Schematic of the 5-OTA (B). Schematic of the in-pixel pre-
amplifier.
The transistors of the pre-amplifier were optimised by
simulations on Accusim (Mentor Graphics Corporation,
Wilsonville, USA) in order to achieve the highest open-loop
gain and the lowest noise. Analytically, considering the model
of strong inversion of a MOS transistor, it can be found that
(i) the gain increases by the square root of the gate width of
the input transistors (MN1, 2); (ii) the gain increases when
the gates of the transistors in the current mirror (MP1, 2) are
longer than in the differential pair (MN1, 2); and that (iii) the
gain increases by the square root of decreasing drain-source
current.
The noise was reduced by design optimisation simulat-
ing the contributions of thermal noise, shot noise and flicker
noise (1/f noise) and calculating the referred input noise as
the sum of the noise sources referred to the input transis-
tors. Noise is reduced with wide gates in the differential pair
by increasing the transistor transconductances and with long
gates in the transistors of the current mirror by decreasing
their transconductances.
In addition to the five transistor operational transconduc-
tance amplifier (5-OTA), in each pixel three additional tran-
sistors (T1, T2 and T3) were integrated as can be seen in
Fig. 2B. This allows operating the pre-amplifier in open or
closed-loop modes. In the open-loop mode the signal is di-
rectly amplified by the open-gain, while in the closed-loop
mode the gain is set to one and the pre-amplifier acts as an
-
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In the open-loop mode, while the non-inverting input of
the pre-amplifier is connected to the pixel microelectrode, the
reference electrode, which is common to all microelectrodes,
is externally connected to the inverting input (Fig. 3A). The
DC polarization on both inputs (VDC, in) control the open-loop
gain and bandwidth.
In the closed-loop mode, the reference electrode is not
connected (Fig. 3B). The amplifier has a gain of one and acts
as an impedance transformer. Transistor T3 is a MOS output
capacitance characterized by a 10m × 10m gate surface
and with a value of 400 fF. It is used for lowering the output
signal bandwidth.
The single pixel layout is shown in Fig. 4. Transistor MN5
is common to all microelectrodes and it is integrated outside
the pixels.
Fig. 3. (A) Open-loop set-up. (B) Closed-loop set-up. (C) Set-up with cell
cultures.
3impedance transformer. Transistors T1 (n-MOS) and T2 (p
MOS) function as voltage controlled switches. Applying VS
(0 V) or VDD (3.3 V) on their gates (SM), it is possible to se
lect the closed-loop configuration (T1→∞ and T2→0) or th
open-loop configuration (T1→0 and T2→∞), respectively
The SM voltage and the reference electrode (RE) are commo
to all pixels.
Fig. 4. Single pixel layout.
2.3. Chip post-processing and packaging
The APS–MEAs prototype was fabricated by using a stan-
dard 0.5m CMOS technology (Alcatel Microelectronics, 5
metal layers technology) with a silicon–aluminium-alloy as
the metal layers. This material, due to its rather poor sta-
bility in physiological solutions and poor biocompatibility
is, however, inadequate for electrophysiological recordings
and has to be modified. We have realized this by using an
electroless post-processing step that we developed and pre-
viously reported (Berdondini et al., 2004). Briefly summa-
rizing the post-processing steps: after receiving the devices
from the foundry, the APS–MEAs were cleaned in acetone,
rinsed in isopropanol and dried with nitrogen. Then the de-
vices were packaged on a 32 mm × 30 mm printed circuit
board (PCB), wire-bonded (Al wires of 50m in diameter)
and the wires protected with epoxy glue. The gold deposition
was performed in two steps at 25 ◦C by dispensing drops of
solutions on the active area. In the first solution (Atomex so-
lution from Engelhard-Clal), gold initiation sites are formed
by displacement of aluminium, while in the second solution
(Cathagold from Engelhard-Clal, diluted 1:20 with DI water)
the actual autocatalytic electroless deposition takes place. For
a deposition time of 15 min, the thickness of the gold layer
was estimated at about 1m.
The post-processing with the electroless deposition is very
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Fig. 5. (A) Chip packaging. (B) Top view of a packaged device.
for evaluating the APS–MEA functionality. The single signal
output is connected to an external circuit with different am-
plification factors: a gain of one used for the open-loop mode
and a gain of 100 used for the closed-loop mode. Addition-
ally, in the closed-loop mode, the signal is filtered as shown
in Fig. 6A. The on-chip random addressing logic was con-
trolled using a manual switch and providing a six bit address
for the column and a six bit address for the row. Currently,
this simple interface does not allow rapid switching of the
recording electrodes to be performed.
2.5. Electrical characterization in phosphate solution
The functional electrical characterization was performed
by applying a small amplitude AC signal (VAC, In) and a DC
polarization signal (VDC, In) to the platinum wire reference
electrode with respect to the electrical ground (Fig. 3A). This
wire was connected to an external DC voltage generator (HP
E3632A DC Power Supply) in series with the AC signal gen-
erator (HP 30120A Waveform Signal Generator). The exper-
iments were performed inside a Faraday cage in a phosphate
buffer solution (150 mM, pH adjusted to 7.3 with H3PO4).
Since the microelectrodes are at a floating potential, no po-
tential drop is established at the microelectrode–electrolyte
interface resulting from the DC polarization. In other words,
4onvenient since it does not require any photolithographic
teps, offers a fast deposition rate and moreover, it does not
equire any inter-layers between the CMOS metal layer and
old. It should be noted that no additional post-processing
as performed for modifying the top CMOS standard SiO2
nsulation layer.
A PMMA spacer which also holds a glass culture cylinder
20 mm in diameter and 10 mm in height) was glued onto
he PCB using the same epoxy resin (Fig. 5A). The PCB
rovides a DIP24 socket connector for the rapid mounting
nd dismounting on the interface board.
.4. Chip interface board
We built a chip interface for providing the supply volt-
ges (5 Vp-p and 3.3 Vp-p) necessary to operate the chip and
Fig. 6. Gain-frequency behaviour of a single pixel of the APS–MEA in
phosphate solution (150 mM). (A) External amplifier gain for the unity-gain
mode. (B) Maximal measured open-loop gain of a single pixel pre-amplifier.
(C) Behaviour of a single pixel pre-amplifier configured in closed-loop mode
and being externally amplified.
the DC polarization does not induce any electrochemical re-
action at the microelectrodes.
The gain-frequency behaviour of the amplifier was char-
acterized with a sinusoidal signal with amplitude which
was reduced from 100 mVp-p to 2 mVp-p using an attenuator
(HP 355D VHF Attenuator). The applied frequencies ranged
1–50 kHz. In order to operate the pre-amplifier in open-loop
mode, the same DC polarization with respect to the electrical
ground must be applied to the input pair, i.e., on the recording
microelectrode and on the inverting amplifier input. A poten-
tiometer was used for compensating the DC offset between
the inputs. In closed-loop mode (Fig. 3B), the polarization
voltage (VDC, In) and the sinusoidal signal (VAC, In) were ap-
plied only to the platinum wire.
2.6. Cell culture recordings
The devices were rinsed in deionised water, dried with
nitrogen, coated with collagen (human placenta, type VI,
Sigma) acting as an adhesion promoter and sterilized un-
der UV light for 90 min with the reservoir filled with cul-
ture medium. Primary cultures of neonatal rat ventricular
cardiomyocytes were obtained using previously published
procedures (Rohr et al., 1991). The cell suspension was
pre-plated in large culture flasks in order to reduce the fi-
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5broblast content and the myocytes remaining in suspen
sion were seeded at a density of 1.9 × 103 cells/mm2 o
the APS–MEAs. The cultures were kept in an incubator a
35 ◦C in a humidified atmosphere containing 1.2% CO2, an
medium exchanges were performed on the first day after seed
ing and every other day thereafter with supplemented medium
M199 (Gibco, Basel, Switzerland) containing a reduced con
centration of serum (5%).
The same set-up described for the electrical characteriza
tions was also used for the electrophysiological tests excep
that only the DC polarization was applied to the platinum
wire (Fig. 3C). The in-pixel amplifier was used in the closed
loop configuration. The output signal of the chip consiste
of the polarization voltage (VDC, In) added to the cellular sig
nal (Vcells). The signal was amplified externally and filtere
as shown in Fig. 6A and the acquisition was performed b
using an oscilloscope (Tektronix, TDS360).
3. Results and discussion
The CMOS chip measures 3.1 mm × 3.4 mm (Fig. 5B
and integrates 64× 64 pixels, on an active surface of 2.5 mm
× 2.5 mm. Each pixel has a dimension of 40m× 40m,
microelectrode of 20m × 20m and a pre-amplifier. Th
results in an electrode separation of 20m (or 40m centre
to-centre). The device has 24 bonding pads; 12 of them ar
used for digitally addressing the active pixel; 1 is the analogu
output and the remaining pads are used for grounding an
supply voltages (3.3 V and 5 V).
3.1. In-pixel pre-ampliﬁer simulations
Simulations were used for optimising the pre-amplifier
open-loop gain and noise by modifying the channels’ length
and width of the transistors in the 5-OTA. The dimensions are
for transistors MN1 and MN2 of 5m in width and 10m
in length; for transistors MP1 and MP2 of 1m in width and
10m in length; and for transistors MN3 and MN4 of 1.1m
in width and 3m in length. Once the geometries fixed, the
open-loop gain, the bandwidth and the referred input noise
were simulated towards transistor geometries and for polar-
ization voltages between 1.4 V and 1.6 V. Gains from 23 dB
up to 50 dB with frequency bandwidth of 270 kHz–14 kHz,
respectively, were obtained. The polarization voltage allows
the programming of the open-loop gain and bandwidth. For
both modes, the simulated pre-amplifier referred input noise
resulted in 79.6V rms.
As previously discussed, a high amplifier input impedance
is necessary to compensate the electrode impedance. In the
designed circuit, the input impedance is essentially given by
the input parasitic capacitance (gate capacitance of the non-
inverting input), which is 200 fF. The resulting impedance is
then given by Zin = 1/2πfC, where f is the frequency. At a
frequency of 1.1 kHz, the impedance is 723 M.
3.2. Pre-ampliﬁer characterization in phosphate
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We can conclude from this first experiment that the con-
tribution of the noise on the input pair has at least three direct
consequences for the open-loop mode: it introduces the risk
of saturating the amplifier, an additional AC-noise source
is added to the output amplified signal, and the stability of
the amplifier gain (programmed with the DC polarization)
is affected within the bandwidth and versus time. For these
reasons, the open-loop mode is not well adapted for our ap-
plication; although, it shows a useful gain.
The closed-loop mode is easier to operate since the feed-
back compensates for the instabilities of the polarization. The
gain-frequency behaviour of the pre-amplifier in a 150 mM
phosphate solution is shown in Fig. 6C. This result confirms
a better stability of the pre-amplifier when operated in the
unity-gain mode. The measured total noise given by the inte-
grated pre-amplifier, the chip interface and the environmental
noise, was of about 80Vp-p.
The results obtained in closed-loop mode from different
pixels showed small differences of a few millivolts in the
polarization voltages necessary to operate the pre-amplifiers.
Such a small mismatch between the pixels can be considered
as acceptable but will require an external compensation when
operating the device at high addressing frequency. The noise
level and the gain-frequency behaviour were equivalent on
different pixels.
The simulation of the integrated pre-amplifier noise cor-
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The in-pixel pre-amplifier of different pixels was char-
cterized in both open and closed-loop modes by manually
ddressing different pixels. In the open-loop mode, the same
C polarization was applied to the input pair of the pre-
mplifier: on the recording microelectrode via the platinum
ire and on the inverting input. This potential acted as a ref-
rence potential for the measurements in the phosphate so-
ution. The open-loop gain was measured by addressing the
ecording pixel and application of an AC signal. The max-
mum gain between 29.5 dB and 30.8 dB over a bandwidth
f 10 kHz has been measured for a DC polarization of 0.7 V
Fig. 6B). A similar behaviour, with only small changes in
he required polarization voltage for achieving the maximum
ain, was observed on all pixels.
The experimental gains and bandwidths are lower than
he simulated ones, because of difficulties to stabilize the
ain due to the high sensitivity of the differential pair to
he noise on the polarization. This noise originates from the
ifference between the polarization of the two amplifier in-
uts introduced by the ohmic drop in the solution and at the
lectrode–electrolyte interfaces. This offset can be compen-
ated, but the polarizations on the two inputs will never be
xactly the same and, thus, this will always be a source of
oise. Additionally, also the DC signal generator contributes
ith noise amplified by the open-loop gain of the integrated
ircuit. The lowest total output noise that we achieved is
00Vp-p, which limits the performances of the open-loop
ode.esponds to the experimental noise in the closed-loop. This
ndicates that the main noise source is due to the in-pixel pre-
mplifier. Thus, the electroless gold microelectrodes seem to
how an excellent noise level due to their roughness and the
esulting low impedance. In the open-loop, it was not pos-
ible to achieve the same noise level due to the additional,
reviously discussed, noise sources.
Finally, it is important to note that in both operating modes
o cross-talk between the channels was observed when manu-
lly switching between the recording pixels. Compared to the
assive MEAs where the acquisition is performed in parallel
nd where the cross-talk is a bigger problem, the APS–MEAs
how the advantage of recording sequentially the electrode
ignals in order to avoid cross-talk.
.3. Recordings from neonatal rat cardiomyocytes
Electrophysiological measurements were performed by
ulturing neonatal rat cardiomyocytes on the APS–MEAs.
hese cultures show a spontaneous electrical activity with
igh-amplitude (extracellular potentials up to 1–2 mVp-p) and
xtracellular electrophysiological signals already after two
ays in vitro.
On all devices the cardiomyocyte monolayers showed syn-
hronous contractile activity with a beat rate of a few hertz (vi-
ual observations). This behaviour was identical to cultures
aised under standard conditions on glass coverslips and, thus,
onfirmed the adequate biocompatibility of the APS–MEAs.
Signals from several recording sites were obtained by
anually addressing the microelectrodes and data acquisition
Fig. 7. Single pixel recordings from different pixels and different time
scales of spontaneous electrical activity for rat cardiomyocytes cultured on
APS–MEAs for 2 days. (A) Sampling rate of 1 kS/s, signal amplitude of
136Vp-p. (B) Sampling rate of 25 kS/s, signal amplitude of 168Vp-p. (C)
Sampling rate of 50 kS/s, signal amplitude of 284Vp-p. The shape of the
recorded signal is affected by the low sampling rates of the oscilloscope.
was carried out using an oscilloscope (Fig. 7). The oscillo-
scope does not allow high sampling rates and automatically
selects the sampling rate as a function of the time window.
For this reason, Fig. 7A–C shows the recorded spontaneous
activity from different pixels with different time frames and
different sampling frequencies. The recorded spontaneous
activity of cardiomyocytes showed signal amplitudes
between 130Vp-p and 300Vp-p with a total signal length
(positive and negative phase) of 2–3 ms. It has to be noted
that the signal shapes are affected by the low sampling rates
of the oscilloscope. We were able to reuse the APS–MEAs by
cleaning the devices with isopropanol and rinsing in DI water.
These results demonstrate that it is possible to record elec-
trophysiological signals. Although the integrated address-
ing logic could operate at high addressing frequencies, the
present set-up did not allow to perform recordings by rapidly
switching the pixels. Therefore, it was not possible to experi-
mentally evaluate the switching delay time. Considering that
the integrated addressing logic provides a maximum sam-
pling rate of 10 MHz for light-sensitive APS devices and as-
suming this value for the 64 × 64 pixels APS–MEA this
results in a frame rate of 2.44 kHz (or a delay of 0.4 ms) for
the whole active area or a frame rate of 20 kHz (or a delay of
50s) when reading 500 randomly selected microelectrodes.
Thus, the assessment of two-dimensional network activity
could be performed over the entire array (low-time resolu-
y
measuring the addressed pixel signal on the single analogue
output line of the chip.
4. Conclusions
The aim of this work was to demonstrate the feasibility of
the APS concept for realizing high-density microelectrode
arrays. Therefore, a first-generation of the APS–MEAs inte-
grating an array of 64 × 64 gold microelectrodes (20m ×
20m), in-pixel pre-amplifiers and on-chip addressing logic
on an overall active area of 2.5 mm × 2.5 mm was realized
and tested. The APS–MEAs were fabricated by a standard
0.5m CMOS process that uses SiO2 insulation layer and
aluminium-alloy electrodes. The electrode material was mod-
ified by a post-process gold electroless deposition step.
Electrical tests in a phosphate solution showed that be-
cause of a lower noise level, the closed-loop unity-gain
mode (80Vp-p) is preferable over the open-loop mode
(500Vp-p). In this mode, the device functionality was
demonstrated by performing single pixel recordings of spon-
taneous activity of cultured cardiomyocytes. Electrophysio-
logical signal amplitudes between 130Vp-p and 300Vp-p
were measured. Both simulation and experimental results ob-
tained demonstrate the functionality of this first-generation
of APS–MEA, and constitute, thus, an effective starting point
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7tion) or in specific areas of interest (high-time resolution), bfor developing high-resolution devices based on the APS con
cept.
Although the current noise level is adequate for cardiomy
ocytes recordings, the next developments will concentrate o
reducing the in-pixel pre-amplifier noise for vertebrate neu
ronal activity recordings. This is an important issue in a
extracellular recordings since the electrophysiological sig
nals have amplitudes from 100Vp-p to 1–2 mVp-p for ra
cardiomyocytes (Kucera et al., 2000) and from 20Vp-p t
200Vp-p for vertebrate neurons. The maximum signal band
width is between 0 Hz and 4 kHz. The functional characteris
tics of the pre-amplifier have thus to fulfil the requirements o
recording low frequency and small amplitude signals throug
a high impedance microelectrode–cell–electrolyte interfac
(mainly capacitive). The current state of the art in analogu
amplifier design should allow achieving better signal to nois
ratios by further optimisation of the pre-amplifier. Addition
ally, a high-speed addressing electronics need to be imple
mented in the recording set-up for rapidly switching th
recording pixels. If necessary, the frame rate could be fu
ther increased by designing APS–MEAs with additional ou
put signals such as used in high-speed light-sensitive AP
devices.
The modular pixel array approach permits the future inte
gration of other pixel functionalities such as stimulation, tem
perature sensing or pH sensing, in the same pixel or, reducin
the electrode pitch, in different pixels. The reduction of th
electrode pitch down to cellular or sub-cellular dimension
combined with a large active area introduces new feature
compared to conventional thin-film MEAs for analysing th
network activity at the cellular or network level. Thus, for
example, with respect to signal separation and shape analy-
sis, the high-density MEAs have the advantage of exhibiting
a signal redundancy of recordings from neighbouring micro-
electrodes. By implementing new signal treatment algorithms
a better understanding of the cellular network activity can
be achieved. This is particularly interesting for the research
fields that use in vitro MEAs technology for modelling the
signal propagation in cardiomyocyte networks or for study-
ing the behaviour of neuronal networks.
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